A quantitative investigation into the balancing and locomotor function, learning and memory of mice infected with an arthropod-borne virus is described. Mice can remain on a rod rotating in a horizontal plane about its long axis, and this natural ability can be assessed by counting the number of times they fall off. The mice improve their ability with experience and can retain the improved ability for short periods. Natural ability in mice about 25 days old was greater than in those 3 weeks older. This ability was diminished by the encephalomyelitis which resulted from infection with Langat virus.
Functional impairment of the central nervous system is an important sequel to viral encephalitis in man but, perhaps because of technical difficulties, this aspect of the disease has received little attention in experiments on animals. We became interested in the function of the nervous system as part of a general investigation into the pathogenesis of arthropod-borne virus (arbovirus) encephalitides and were faced with the need to assess quantitatively the higher nervous functions (balance and locomotor function, learning and memory) III mIce.
Mice placed upon a rod rotating about its long axis in a horizontal plane can retain their position.
This natural ability is affected adversely if the function of the nervous system is impaired.
have been used by Tripod, Bein & Meier (1954) to assess quantitatively the neurological effects of drugs upon rats and mice. At least 3 measurements are possible: the numbers of mice falling from the rod iQ a given time, or, if the mice are replaced, the number of falls within a given time, or the time to the first fall. Initially we used the rotating rod to try to detect changes in balance or locomotor function in viral encaphalitis. We confirmed that the natural ability of mice to remain on the rod improved with training (Kinnaird & Carr, 1957) and we compared different systems of training. Trained mice were able to retain their improved ability for short periods and we studied the effects of infection upon this retention or memory as well as upon learning itself. Experiments with infectious diseases take longer than the acute pharmacological experiments in which the rod had previously been used, and this introduced the complication that older mice behaved differently from younger mice. Although we have referred to this as ageing, other factors such as the length of stay in the laboratory are probably involved.
After some initial difficulties with terminology we elected to use certain simple terms.
Ability-the natural ability of mice to remain upon a rotating rod depends upon adequate neuromuscular control of balance and locomotion. The ability of a group of mice is quantitatively expressed as the group mean number of falls (T) from the rotating rod in a given trial.
Learning-mice learn as a result of experience on the rotating rod and their ability improves. Learning in a group of mice is expressed as percentage improvement, the percentage decrease in the mean number of falls between TcT2 2 trials, ---X 100.
T 1
Memory-the demonstrable retention of learning. If mice learn in 3 trials returning falls T l' T 2 and T 3' their memory can be determined as the number of falls (t 1) at a memory trial. Memory is expressed as percentage retention -the percentage difference in the mean number of falls at the first trial and T e t 1 the memory trial, ---X 100, which is tested for significance by investigat-
ing statistically the relevant mean (T et 1)' Here 'significant' refers to a probability level between 5 and 1 per cent, and 'highly significant' to a level of less than 1 per cent.
MATERIALS AND METHODS

Mice
Male Porton mice weighing 15g (about 25 days old) were used. The mice were usually kept in groups of 4 and were individually identified by colour marking.
Virus infection
Mice were inoculated into the left hind footpad with 0.03 ml inocula containing an estimated 100 mouse intracerebral LD 5 0 Langat virus. This causes a mortality of up to 30 per cent. Most deaths occur within 14 days of inoculation and there are a few additional cases of paralysis (Seamer & Randles, 1967) . Although the majority survive the infection and some appear normal throughout, practically all the mice have virus in their brains and most have a moderately severe degree of encephalomyelitis 9 days after inoculation (J .. Seamer and I. Zlotnik, unpublished observations). Where necessary, control mice were inoculated with medium instead of virus.
Rotating rod
This consisted of a segmented, rough wooden cylinder 580mm long and 50mm in diameter.
The surface of the cylinder was divided into 8 compartments by metal discs of 150mm diameter.
The cylinder was turned by direct friction drive by an electric motor (SD9j57496, Parvalux Ltd, Parkstone, Poole, Dorset) giving 52 rpm under normal load. Some difficulty was encountered in devising a drive system which gave a choice of speeds, but in which the selected speed was constantly supplied: constant speeds of ] 2 or 20 rpm were ultimately obtained by changing the size of the drive wheel on the motor. The mice were tested by placing them on the rod and recording the number of falls within periods of 3 minutes.
In the first trial the mice, usually in pairs, were placed on the rod while it was turning.
At the start of subsequent trials the rod was stationary, and mice were usually tested in fours.
Trial conditions in memory trials simulated those in the corresponding initial trials. Mice which fell from the rod were quickly replaced on it. A stop watch or darkroom clock was used for timing.
No mouse with signs of paralysis was tested.
All trials in the same experiment were carried out by the same observer.
RESULTS
Ability
The ability of mice to remain on the rotating rod was studied during the course of infection.
Four groups of 8 mice were used. The mice were tested singly at the first trial and subsequently in fours. The second trial was given 2 hours after the first, and the mice were then inoculated with virus or medium. Subsequent trials were made during the course of infection (no mouse with signs of paralysis was included).
Typical results~re given in Table I . Prior to inoculation there was a significant drop in the mean number of falls in each group between the first and second trials.
Subsequently there appeared to be no marked difference between the ability of the infected and control groups. Occasional increases in the mean number of falls of a group were often due to poor performance by a single mouse.
This decreased ability by individuals sometimes heralded sickness or death. 
Ability and learning
Since infected and control mice appeared equally able to remain on the rod turning at 12 rpm, we tried to make the test more selective by increasing the speed of rotation to 20 rpm. In the first experiment learning was most marked between the first and second trials, and it was decided to study the learning process and the effects of different schedules of training. Three groups of 8 mice were tested with the rod turning at 12 rpm and three groups at 20 rpm. At each speed, one group of mice was tested and a second trial was given 2 hours later: subsequent trials were given at 24-hour intervals. Mice in a second group were tested at 24-hour intervals and those in the last group at 48-hour intervals. The results of this experiment and of 2 replicates are given in Table 2 . Not surprisingly, mice had greater difficulty in staying on the rod when it was turning at the greater speed, and this reduced ability is shown in the greater number of falls. Thus at 20 rpm there were more occasions when 2 or more mice fell together, and it was difficult to return them to the rod as quickly as at 12 rpm. The results at 20 rpm are therefore slightly less accurate than those at 12 rpm. The mice learned most between the first and second lessons at each speed, and subsequent improvement tended to be slight and variable. Within the limits of the experiments the number of trials rather than the intervals between them appeared to be the important factor in learning.
Ability, learning, and memory in infected mice
The ability and learning of mice were studied during the preclinical stage of infection, and survivors were tested for memory. Six experimental groups, each of 8 mice, were infected with virus. Three groups were tested at 12 rpm: the first group received its first trial immediately before inoculation. The second group was first tested 2 days, and the third group 5 days, after inoculation. Three groups of mice were examined similarly, but with the rod turning at 20 rpm, and each of the 6 experimental groups was matched by a group of mice inoculated with medium. All the mice received 3 trials. The interval between the first and second trials was 2 days, but that between the second and third trial was 2 or 3 days. The trials thus extended to the ninth day of infection when paralysis and deaths were occurring. At each trial control and infected mice were tested together. The results of this experiment and 2 replicates are shown in Tables 3 and  4 . The ability of mice at the first trial decreased as the experiments progressed. Since this held equally for control and infected mice, and also for trials at 12 and 20 rpm, it was presumably due to a common factor.
There was no difference between the ability of control and infected mice and each group showed a similar capacity for learning. T,
In this and in other experiments it was noted that poor performance by an individual mouse frequently had' a deleterious effect on other mice tested at the same time. Thus where infected and control mice were tested simultaneously the poor performance of the former might adversely affect the latter and obscure differences between them. This point was investigated by repeating the experiments described above, but control and infected mice were tested separately.
The results were similar to those previously obtained, and there was again a tendency for the ability of mice to diminish with the progress of the experiment.
Learning was not affected in this way, and neither ability nor learning were demonstrably affected by infection.
At intervals after the initial trials surviving mice from these experiments were re-examined in memory trials. The numbers tested were rather disproportionate, for although 3 of 144 control mice had died, 32 infected mice were dead and a few others were paralysed.
It was therefore necessary to pool the results obtained at different intervals after inoculation.
Mice were reexamined 9 or 10, 16 or 17 and 23 or 24 days after their last trial by placing them (where possible in pairs) on the rod turning at the speed at which they had been trained.
The results given in Table 5 provide strong evidence for a memory lasting 9 or 10 days in both infected and control mice, trained and tested at 12 and 20 rpm. 
Effect of ageing on ability and learning, and duration of memory
The natural ability of mice decreased during the course of the previous experiments. This result was repeatedly confirmed when it was found that the natural ability of young mice was markedly superior to that of mice in the same group which were kept in the laboratory for some time before they were given their first test. The effect of ageing upon ability and learning was therefore studied and the duration of memory was investigated as part of the same experiment.
Groups of 4 normal mice were identified by odd or even numbers: at the start of the experiment the odd-numbered groups were examined in three trials at 12 rpm, given at daily intervals. These trials provided baseline information on the ability and learning of mice which were approximately 25 days old. At intervals after the third trial 4 even-numbered groups of mice were examined to determine the effect of ageing, and at the same time 4 odd-numbered groups were re-examined in 2 memory trials, 48 hours apart. The results of this experiment are given in Table 6 . The mean number of falls of 80 mice (16 groups of 4) aged about 25 days was 13.9. The ability of mice 13 or more days older was significantly less, but there appeared to be no further diminution of ability with increased age from 38 to 66 days. Ageing during this period appeared to have no effect on the rate of learning.
The results obtained on memory with the odd-numbered groups of mice are shown in Table 7 . There is significant evidence of a memory lasting 11 days but not for longer periods. In man stimulation of a fading memory frequently results in the recall of a disproportionate amount of information. This aspect of memory refreshment in mice can be determined by comparing the learning between the first and second trials (T c T 2) and that occurring between the first and second memory trials (t ct 2)' A value of (t 1-t 2)-(T c T 2) which is positive and significantly greater than 0 would be indicative of memory refreshment, but no evidence of this was obtained in the experiment reported in Table 7 .
A single trial for ability and learning
Whereas trials given on alternate days were subject to the effects of ageing and day to day variations, single trials given on selected days during the course of infection would avoid these drawbacks.
An experiment was therefore undertaken to see if ability and learning could be determined in a single trial.
Groups of 4 mice were placed on the rod while it was turning at 12 or 20 rpm. The numbers of falls in 3 consecutive periods of 3 minutes were obtained. Thus the intervals between the first and second and the second and third trials were eliminated.
The results of this experiment are given in Table 8 . As in previous experiments the greatest improvement occurred between the first and second trial periods of 3 minutes, but subsequent improvement was slight. 
T1
Ability, learning and memory during and after infection
In each of 2 experiments, 5 groups of 24 normal mice were further divided into 3 subgroups of 8 mice to act as controls. Infected mice were arranged similarly, but in order to allow for losses from death and paralysis, each group contained 36 mice and each subgroup 12 mice. Single groups of normal and infected mice were examined on Day 0 (just before inoculation) and days 7, 14, 21 and 28 after inoculation. Subgroups were re-examined in memory trials 9 or 11, 16 or 18 and 23 or 25 days after the initial trial. Groups of 4 normal or infected mice were tested separately for a period of 7 minutes on the rod turning at 12 rpm. The mean number of falls in the first and second 3-minute periods were used in computing the results. The pooled results of the first part of these experiments, on ability and learning, are given in Table 9 . The ability of the normal mice diminished with age. Those which were 46 days old or older when first tested fell much more frequently than the younger mice. The ability of infected mice also diminished during the experiment, and these groups of mice consistently fell more often than the comparable groups of controls. This suggests that the ability of these mice was deleteriously affected by infection as well as by ageing. In these experiments learning was best in the youngest mice, whether infected or not. The oldest mice showed virtually no evidence of learning. T,
The effect of ageing on the memory of normal mice is shown in Table 10 and the effect of infection on memory in Table 11 . Although there was considerable variation, significant or highly significant evidence of memory was obtained in 14 of the 30 groups of mice which were tested. Evidence of memory was more frequent in the older rather than the younger mice. Despite inconsistencies in our results, we believe that the rotating rod offers promise as a simple quantitative method for assessing balance and locomotor function, learning and memory in mice. In our hands the effectiveness of the method was limited by the wide variations between individual mice and between batches of mice. Thus the mean numbers of falls of mice tested at 12 rpm in one experiment could overlap the mean numbers of falls of groups tested at 20 rpm in a second experiment (Tables 2 and 6 ). Although we were able to circumvent these difficulties by the assiduous use of controls, it would be helpful if both variations could be reduced. Selection of a suitable inbred strain of mice might overcome the problem of individual variation. We think that the variations observed between experiments were probably due to imperfectly understood management factors, one of which was related to what we have termed 'ageing'. The difference between the natural ability of mice under 30 days old and of those about 10 days older was very striking. Since this change in ability occurred within a short space of time. we do not think it was due to age alone, but could, for instance, be related to increase in bodyweight. Under our experimental conditions the older mice had been held for longer periods in the laboratory and management practices could also play a part. Although ageing did not appear to affect the learning process in the early experiments (Tables 3, 4 and 6), evidence was obtained in the single-trial experiments that learning abili~y diminished in older mice. Again, in the earlier experiments there was significant evidence of memory lasting 10 or 11 days (Tables 5 and 7 ) but in the later experiments there was more evidence of memory in older mice than in younger mice, and no clear pattern of its duration was evident (Tables 10 and 11 ). These inconsistencies may have been related to technical differences between the earlier experiments (in which 3 separate trials were given) and the single-trial experiments: for instance in the earlier experiments the mice received a total learning period of 9 minutes compared to only 7 minutes in the single-trial experiments.
In our experiments, infection with Langat virus appeared only slightly to impair the natural ability of mice. It had no demonstrable effect on learning and memory. Mice which died or were paralysed were excluded from these trials, so that those which we studied were a selected group which was least severely affected by the infection. Our failure to demonstrate further functional disabilities may have been due to a lack of sensitivity in the tests, but there is another possibility. Unlike drugs, which can be expected to have a reasonably uniform effect on a target tissue, the lesions produced by infections are by their very nature scattered and of variable severity, even within the same tissue. The functional resilience of the nervous system as a whole is well known, and it may be that a more uniformly virulent infection than that resulting from Langat virus is required if demonstrable functional disability is to be produced in mice which escape paralysis or death.
